NREL Pyrheliometer Comparisons (NPCs) are held annually at the Solar Radiation Research Laboratory(SRRL) in Golden, Colorado. Open to any pyrheliometer owner/operator, the NPC provides an opportunity to determine the unique WRR Transfer Factor (WRR-TF) for each participating pyrheliometer. By adjusting all subsequent solar irradiance measurements by the appropriate WRR-TF, the operator can establish calibration traceability to the WRR.
NPC-2003 was scheduled from September 22 through October 3, 2003. Nineteen participants operated 27 absolute cavity radiometers and one conventional thermopile-based pyrheliometer to simultaneously measure clear-sky direct normal solar irradiance during this period. The Transfer Standard Group (TSG) of reference radiometers for NPC-2003 consisted of seven radiometers with direct traceability to the WRR having participated in IPC-IX 2000. As the result of NPC-2003, each participating absolute cavity radiometer was assigned a new WRR-TF computed as the ratio of observed irradiance to the corresponding reference irradiance as determined by the TSG. The performance of the TSG during NPC-2003 was consistent with previous comparisons, including the latest IPC-IX. The measurement performance of the TSG allowed the transfer of the WRR to each participating radiometer with an estimated uncertainty of ± 0.32% with respect to SI units.
The comparison protocol is based on data collection periods, or runs. Each run consists of a sixminute electrical self-calibration, a series of 33 solar irradiance measurements at 20-second intervals, and a post-calibration. More than 1,000 reference irradiance measurements for each participating radiometer were collected during NPC-2003. Clear-sky daily maximum direct normal irradiance levels ranged from less than 967 Wm -2 to 1026 Wm -2 .
Ancillary environmental parameters (e.g., broadband irradiance, spectral irradiance and other surface meteorological data) collected at SRRL during the comparison are also presented in this report to document the environmental test conditions.
Introduction
Collecting solar irradiance data for applications in renewable energy technology research, global climate change studies, satellite remote sensing validations, general atmospheric science research, or the myriad of other possibilities, requires measurements traceable to a recognized calibration standard. The World Radiometric Reference (WRR) is the internationally recognized standard for solar irradiance measurements [Fröhlich, 1991] .
The WRR was established by the World Meteorological Organization (WMO) in 1977 and has been maintained by the World Radiation Center at the Physikalisch-Meteorologisches Observatorium Davos (WRC/PMOD) in Switzerland (http:// www.pmodwrc.ch). This standard of measurement is maintained for broadband solar irradiance with an absolute uncertainty of better than ± 0.3% with respect to the System International (SI) unit [Romero, et al, 1996] . This standard is widely used for the calibration of shortwave radiometers (pyranometers and pyrheliometers) with a wavelength response range of 280 nm to 3000 nm. Every five years, the WRR is transferred to WMO Regional Centers and other participants in the International Pyrheliometer Comparisons (IPC) held at the WRC/PMOD. The instantaneous measurements from the seven radiometers comprising the World Standard Group (WSG) are compared at 90-second intervals with the data from participating radiometers recorded under clearsky conditions. Maintaining the mean WRR of the seven WSG radiometers, a WRR Transfer Factor is calculated for each of the participating radiometers [Reda, 1996] . Weather conditions during the period September 22-24 were adequate for this year's NPC (see Appendix B for more specific meteorological information). The results presented in this report are based on clear-sky direct normal solar irradiance data collected on these three days.
Reference Instruments
Seven absolute cavity radiometers that participated in IPC-IX were used as the Transfer Standard Group (TSG) to maintain the WRR for this comparison. 
Measurement Protocol
The decision to deploy instruments for a comparison is made daily. Data are collected only during clear-sky conditions determined visually and from stability of pyrheliometer readings. Simultaneous direct normal solar irradiance measurements were taken by most cavity radiometers in groups of 33 observations at 20-second intervals (PMO6 used 40-second open/closed shutter cycle). Each group of observations is called a Run. An electrical self-calibration of each absolute cavity is performed just prior to each Run. Previous WRR-TFs were not applied to the observations. The original manufacturer calibration factor was used according to the standard operating procedure provided by the manufacturer for each radiometer. A timekeeper announced the beginning of calibration periods and gave a 6-minute countdown prior to the start of each Run to facilitate the simultaneous start for each participant (See Appendix C for details).
By consensus, the goal was set to acquire at least 300 observations from each radiometer to determine the WRR-TF. Participants also agreed that ten Runs should be made over a period of at least two days to provide a variety of temperature and spectral irradiance conditions. Our goal was to build a statistically significant data set from which to derive individual WRR TF.
Data from each radiometer/operator system are collected at the end of the day using diskettes. Daily summaries were produced using a spreadsheet analysis tool. Results were distributed to the participants the following day. Additional operational notes can be found in Appendix C.
Transferring World Radiometric Reference
The primary purpose of these absolute cavity comparisons is to transfer the WRR from the NPC Transfer Standard Group (TSG) to each of the participating radiometers. This requires the collection of simultaneous measurements of clear-sky direct normal (or beam) solar irradiance by the participating radiometers and the TSG.
Calibration Requirements
Using WMO guidelines [Romero, 1995] , the following conditions were required before data collection was accomplished during NPC-2003:
• Radiation source was the sun, with irradiance levels greater than 700 Wm-2 • Digital multimeters with accuracy better than 0.05% of reading were used to measure the thermopile signals from each radiometer • Solar trackers were aligned within ± 0.25˚ slope angle • Wind speed was low (< 5 m/s) from the direction of the solar azimuth ± 30• Cloud cover was less than 1/8 with an angular distance larger than 15˚ from the sun.
Determining the Reference Irradiance
Seven absolute cavity radiometers, that participated in IPC-IX, were used as the TSG to transfer the WRR in the comparison. The WRR Transfer Factor for each of the TSG is presented in Table 2 .1. The reference irradiance at each reading is calculated using the following summarized steps [Reda, 1996] :
a. Each irradiance reading of the TSG is divided by the irradiance measured by AHF28553, the instrument with the lowest standard deviation with respect to the WRR.
b. Maintaining the mean of WRR for the TSG, a new WRR Transfer Factor for NPC-2003 is recalculated for each of the TSG cavities [Reda, 1996] .
c. The reference irradiance for each 20-second observation in a Run is computed as the mean of the simultaneous reference irradiances measured by the TSG. The reference irradiance reading for each cavity in the TSG is the irradiance reading of the cavity multiplied by its new WRR Transfer Factor calculated in step b.
Data Analysis Criteria
The absolute cavity radiometer AHF30713 was used to check irradiance stability at the time of each comparison reading. Stable irradiance readings are defined to be within 1.0 Wm -2 during an interval of three seconds centered about the comparison reading, i.e., one second before and one second after the recorded reading. Unstable irradiance readings are marked in the data record and automatically rejected from the data analysis. Historically, this has affected less than 10% of the data collected during an NPC.
Additionally, all calculated ratios of the reference irradiance divided by the test instrument irradiance that deviated from their mean by more than 1.0% were rejected [WRC/PMOD, 1996] . Typically, data rejected from the analysis in this manner were the result of failed tracker alignment, problems with the pre-calibration, or similar cause for a bias greater than expected from a properly functioning absolute cavity radiometer. th after 2082 data points were collected by the reference cavities from 63 runs completed during three days with the requisite clear-sky conditions. The actual number of readings for each participating radiometer compared with the reference irradiance varies according to the data analysis selection criteria described above. Additionally, some instruments experienced minor data loss due to a variety of problems with the measurement systems and operating difficulties.
Results
The results for the TSG are presented in Table 4 .5.1. To evaluate the performance of these instruments, the standard deviations of each radiometer are monitored during the comparisons. The results suggest successful performance of the TSG during this NPC:
• The NPC2003 WRR Transfer Factors did not change by more than a fraction of the standard deviation derived during IPC-IX in 2000 (see Table 2 .1 for IPC-IX results).
• The standard deviations of the new WRR Transfer Factors are also smaller than the standard deviations observed for these instruments during IPC-IX.
The WRR Transfer Factor for each participating cavity radiometer is derived using the reference irradiance values derived from the TSG. At each reading, the reference irradiance is divided by the irradiance measured by a participating radiometer. The mean of these ratios is the WRR Transfer Factor for each participating radiometer. Results for each radiometer participating in NPC2003 are presented in Table 4 .5.2. 
Recommendations
As a result of these comparisons, we suggest the participants observe the following measurement practices:
• For the purpose of pyrheliometer comparisons, such as NPC2003, we recommend the user apply only the manufacturer's calibration factor (CF), not the WRR Transfer Factor or the new calibration factor, to report his/her absolute cavity radiometer's irradiance readings. This eliminates the possibility of compounding WRR factors from previous comparisons.
• For data collection purposes, the manufacturer's CF is used to calculate the cavity responsivity. Each irradiance reading is then multiplied by the appropriate WRR Transfer Factor.
For future comparisons, we strongly urge the participants to provide their irradiance readings in the following format: The file naming convention is suggested to include the radiometer serial number and date of observations (e.g., AHF307131009.99 would correspond to data from AHF30713 on 10/9/99).
Ancillary Data
The meteorological elements of temperature, relative humidity and barometric pressure were measured during the comparisons using the meteorological station at SRRL. A NIP, PSP, and Model 8-48 measured direct, global, and diffuse irradiances respectively. These radiometers are used in SRRL's Baseline Measurement System (BMS). The BMS provides 1-minute averages of 3-second samples. Additional information, including data and graphical summaries, can be found at the Measurements and Instrumentation Data Center: http://www.nrel.gov/midc/srrl_bms.
Time-series plots and other graphical presentations of these data are presented in Appendix B. -Set your system clock at the daily start-up or as often as needed for 2 sec accuracy.
Minimum Data Set
A subject for discussion, but 300 data points (your instrument/Reference) could be our goal for a minimum data set for these comparisons.
6. Measurements -Do NOT apply any previous WRR correction factors to your measurements.
-Use only the factory calibration factor to adjust your data beyond any other adjustments you feel are needed to correct your data (e.g., pre-and post-calibration drifts in sensitivity are OK).As in the past, we will use the following terms: Calibrate = Perform electrical calibration and wait for next measurement period to begin Reading = A measurement of direct irradiance within 1 sec of announcement at 20-sec intervals. Run = Collection of 31 readings taken in sequence. Shade & Calibrate = Perform electrical calibration after each run.
